The finite-difference time-domain (FDTD) technique is used to compute light scattering from biological cells in two dimensions. Results are presented for the computed scattering patterns of cells containing multiple organelles. This method provides considerably more flexibility than Mie theory because of its ability to model inhomogeneous objects such as cells. 
INTRODUCTION
Recently there has been considerable interest in the optical properties of tissue in the near-infrared region for imaging and diagnostic applications where scattering is dominant. Much of this has been stimulated by the success of confocal 1 and optical coherence tomography (OCT) imaging 2 of human tissue in vivo with high resolution. Relating the measured changes in tissue scattering to physiological differences on the cellular level, such as those between normal and cancerous tissue, has been difficult since the mechanisms by which cellular changes affect light scattering are not fully understood. This is primarily due to the difficulty in describing scattering at the cellular level in an inhomogeneous medium.
Scattering in tissue arises from local changes in the index of refraction between cell components and other small tissue structures, and the scale over which these changes occur varies from tissue to tissue. Traditionally these local variations in index are characterized by a bulk or macroscopic scattering coefficient s , which represents the probability of scattering per unit length. An understanding of the relationship between the bulk scattering properties of tissue and the local variations in the index of refraction on the cellular level will aid in the interpretation and development of optical diagnostic techniques.
In this paper we discuss the application of the FDTD technique for modeling light scattering from cells in two dimensions. This technique allows the computation of the electromagnetic fields within and around a cell with high accuracy for cells of arbitrary shape and with any number of compo-nents. The effects of various organelles on the farfield scattering patterns of cells are examined with the FDTD method. The scattering pattern of cells and tissues is an important factor in determining the nature of light propagation in tissue and can influence the amplitude of backscattered light in elastic scattering measurements of tissue 3 as well as the amount of fluorescence escaping the tissue surface. 4 
FDTD METHOD
First proposed by Yee 5 in 1966, the FDTD algorithm has been widely used in electromagnetic modeling applications. [6] [7] [8] The FDTD method will be briefly outlined; a more detailed explanation can be found in Refs. 9 and 10. Using Yee's algorithm, Maxwell's curl equations are numerically solved by discretizing them in space and time. In two dimensions the discretization yields three explicit finite-difference equations for transverse magnetic (TM) and transverse electric (TE) polarized waves. Central difference approximations are used for the derivatives with the electric and magnetic fields temporally and spatially offset. The finite-difference equations for the E z , H x , and H y fields in a lossless medium, assuming a conductivity of zero, for TM polarization are
where ␦t is the time step and ⌬ is the spacing between adjacent grid elements. In Eqs. (1) to (3), the spatial grid indices in the x and y directions are specified by i and j, respectively, and the time index by n. The permittivity of the medium at point (i,j) is indicated by ⑀(i,j) and the permeability is assumed to be constant. The electric and magnetic fields are updated at all interior grid points at alternate half time steps using Eqs. (1) through (3). To prevent artificial reflections along the edges of the grid, a suitable boundary condition, such as the Mur 11 or Liao absorbing boundary condition, 12 must be applied. In this work the Liao boundary condition was used to simulate propagation in an unbounded medium.
The FDTD geometry is shown in two dimensions in Figure 1 . At each grid point (i,j), the dielectric constant for the medium is specified. By assigning different values to each of the organelles, the cell can be constructed as a dielectric object with any number of components. The portions of the cell are represented by different gray levels in Figure 1 , and the index of refraction is related to the dielectric constant by nϭͱ⑀ r . One source of error in FDTD calculations is the approximation of smooth surfaces as stair-stepped boundaries due to the Cartesian grid. 13 To improve the stair casing approxima-tion, the index of refraction at each point in the grid was taken to be the average value of all surrounding points.
A sinusoidal plane wave source of the form sin(t) was applied at xϭ0 and the algorithm stepped in time until steady state was reached throughout the grid, which typically required three to four passes through the entire grid. After steady state is reached, the fields are known on the entire grid which lies in the near field. However, to compute the total scattering pattern in the far field, a transform from the near field to the far field is required. This involves weighting the tangential field components on a closed surface surrounding the scatterer with the free space Green's function, and integrating over the surface. The details of the transform can be found in Ref. 14. Due to stability considerations, the maximum grid spacing ⌬ is usually taken to be /10 and the maximum time step ␦t, is limited to 15
where c is the speed of light in the medium. In this work the grid spacing was /60, where ϭ900 nm, to accommodate the small cellular structures, and the temporal step size was ⌬/2c.
RESULTS
The scattering patterns were computed for cells containing different organelles to determine the effect of each cell component on the total amount of scatter. The index of refraction values for each cell component used in the simulations are given in Table 1 and have been taken from previously pub- lished values. The scattering patterns presented in this paper have not been normalized so that amplitude information has been preserved. The FDTD code was verified by comparison with the analytical solution for scattering from a two dimensional circular object, or infinite cylinder. 16 The FDTD code agreed with the analytical solution to within 1% at all angles in the scattering pattern.
In Figure 2 the scattering functions of two cells with diameters of 11 m are plotted. In the first case the cell contains only a nucleus, membrane, and cytoplasm (dashed line); in the second case small organelles (nϭ1.4) have been added to the cell (solid line) as shown in the inset. The scattering patterns are shown only for 0 to 180 deg since they are approximately symmetric from 180 to 360 deg. Each scattering pattern has been averaged over two perpendicular orientations of the cell and with the values from 180 to 360 deg to smooth out the sharp peaks that arise from interference between the scattered waves. Although these individual peaks and valleys are predicted for a single cell, they will average out in multicell samples since all cells will have slightly different orientations.
It is important to understand the role of the nucleus in scattering because cancerous cells are characterized by a large nuclear-to-cytoplasmic ratio. 17 Simulations to assess the effect of nucleus size on the scattering pattern are shown in Figure 3 .
The scattering pattern is plotted for small angles since this is the region where the most significant differences occur. Cells containing large nuclei (diameter ϳ6 m) cause increased amounts of scattering at small angles relative to cells with normalsized nuclei (diameter ϳ3 m). In the absence of a nucleus, the amplitude of the scattering pattern decreases further.
The effect of melanin on the scattering pattern is demonstrated in Figure 4 . The dashed curve is the scattering pattern from a cell containing only a nucleus, membrane, and cytoplasm, and the solid Fig. 2 Comparison of scattering patterns for cells with and without small organelles. The phase functions shown have not been normalized so that amplitude information has been preserved. The cell used in the simulations is shown in the inset with a cell diameter of 11 m, a nucleus diameter of 3.5 m, a membrane thickness of 15 nm, and organelles ranging in size from 0.5 to 1.5 m. line is the same cell with melanin granules added. The melanin granules had an average diameter of 1 m and occupied approximately 15% of the cell area. The amount of scatter at high angles is up to two orders of magnitude greater than the same cell without melanin. The forward scatter component is slightly increased, but the primary difference lies at angles greater than about 30 deg. The absorption of melanin can be taken into account by using a complex index of refraction. For melanin, the imaginary part of the index nЈ was taken to be 0.004. 18 
DISCUSSION
The scattering from a cell is highly peaked in the forward direction. Figure 2 demonstrates that small organelles can have a large effect on the scattering pattern. The total amount of scattered light, computed by integrating the pattern over all angles, was 1.7 times greater for the cell with small organelles than for the same cell without the organelles. This predicts that the small organelles can contribute significantly to the total scattering. This has been observed experimentally in rat liver cells, where mitochondria have been found to be the principal scatterer. 19 The large nucleus causes a rise in the amount of forward scatter compared with the normal cell because its size is large compared with the wavelength. It does not play an important part in defining the shape of the scattering pattern other than at small angles. However, inhomogeneities within the nucleus would produce an increase in backscatter, as predicted in Ref. 20 .
The role of melanin in tissue scattering has been largely overshadowed by its role as an absorber. Since melanin granules have an index of refraction significantly higher than other cell components 18 and are small relative to visible and near infrared wavelengths, they act as strong isotropic scatterers, which is demonstrated in Figure 4 . The large backscatter has been observed experimentally in in vivo confocal images of the skin, where the portions of the cells containing melanin look very bright relative to the rest of the cell. 1 In tissue, the absorption properties of melanin will dominate due to the relatively long path length of a photon, but in single cells the increased scatter is dominant, particularly at near infrared wavelengths.
When a cell is modeled as a two-dimensional object, it is assumed that the cell extends infinitely in the third dimension so that a two-dimensional circular object is actually an infinite cylinder. Cells, however, are three-dimensional objects and it is difficult to quantitatively compare the scattering properties of two-and three-dimensional objects. However, two-dimensional results can be used to predict the relative effects of the presence of organelles on cell scattering. In Ref. 21 , small organelles were found to play an important role in high-angle scattering from three-dimensional cells.
While the shapes of the scattering patterns of two and three-dimensional cells differ, the effects of organelles and spatial inhomogeneities in refractive index are similar. The advantage of using the twodimensional approximation is the significant decrease in computational requirements. Scattering from cells in two dimensions can be simulated on personal computers, while much larger supercomputers must be used for computations in three dimensions.
The FDTD technique has advantages over other single scattering techniques such as Mie theory, since it can model complex shapes and is not subject to any geometrical constraints. Previous work relying on Mie theory has approximated cells as concentric spheres 17 and while this approximation is valid for certain types of cells, it cannot account for arbitrarily shaped cells containing organelles. The disadvantage of a model not subject to geometrical constraints such as FDTD or the coupled dipole method, 22, 23 is increased computational complexity. The coupled dipole method differs from the FDTD technique in that a particle is placed on a cubic grid and divided into subvolumes, each modeled as a dipole, and the electric field due to the incident field and the dipoles is computed. The grid spacing, and therefore the computational requirements, is limited by the wavelength to a maximum of approximately /10. 24 Because of its geometrical flexibility, the FDTD and coupled dipole methods could provide valuable insight into the angular distribution of scattered light from cells for flow cytometry applications 25 that rely on differences in scattered light intensity from individual cells at one or more angles.
The main limitation of the FDTD method and the coupled dipole method at optical and near infrared wavelengths is that computer storage and computation times may become prohibitive for large geometries. While Monte Carlo techniques allow calculation of the light intensity distributions for large geometries, they do not provide any information about the electromagnetic fields in the tissue, which is important in OCT imaging.
CONCLUSIONS
We present the first application of the FDTD method for modeling light scattering from cells. The method is flexible enough to allow computation of scattering from cells of any shape and with any index of refraction profile. The twodimensional scattering pattern for cells with different combinations of organelles has been computed. The results show that small organelles play an important role in the scattering pattern and that melanin can have a significant effect on large-angle, single scattering events, and that the nuclear size influences the forward scatter behavior of the cell.
Future work will focus on applying the technique to three dimensions and comparing the differences between two and three dimensions.
